Abstract. In some patients with common variable immunodeficiency (CVID) and immunoglobulin (Ig) A deficiency (IgAD), tumor necrosis factor (TNF) family receptor transmembrane activator and calcium-modulator and cyclophilin ligand interactor (TACI) gene mutations have been reported. B cells from individuals with TACI mutations do not produce IgG and IgA in response to the TACI ligand a proliferation-inducing ligand (APRIL) which probably suggests impaired isotype switching. To clarify the pathogenesis of CVID and IgAD of Japanese patients, we investigated the mutations of TNF family members TACI, APRIL, B-cell activating factor (BAFF), B-cell maturation antigen (BCMA) and BAFF receptor (BAFF-R) genes and the expression levels of BAFF and APRIL in patients with CVID, IgAD and X-linked agammaglobulinaemia (XLA). We also investigated the relationship between age and the blood plasma levels of BAFF and APRIL. The causative gene mutations of TNF family members in our patients were not detected. In healthy subjects, the BAFF and APRIL plasma levels correlated inversely with age. The BAFF and APRIL plasma levels of patients with CVID, IgAD and XLA were significantly higher than those of healthy children. Elevated BAFF and APRIL expression levels might partially reflect the common immunological feature of primary antibody deficiency.
Introduction
Common variable immunodeficiency (CVID) is a primary immunodeficiency disease characterized by absence of terminal B lymphocyte differentiation into plasma cells, resulting in hypogammaglobulinaemia, antibody deficiency, and recurrent bacterial infections (1) (2) (3) . IgAD is the most common form of primary immunodeficiency. IgAD is characterized by absence or a very low level (<5 mg/dl) of serum IgA. Individuals with IgAD can be asymptomatic or predisposed to recurrent infections, particularly recurrent sinopulmonary and gastrointestinal infections (4) (5) (6) .
The molecular bases of IgAD and most cases of CVID remain unknown, whereas X-linked agammaglobulinaemia (XLA) is caused by a defective BTK protein, which is indispensable for the development of mature B cells (7, 8) . Some individuals initially present with IgAD and then develop CVID later. IgAD and CVID are often observed in members of the same family. These observations suggest that some cases of IgAD and CVID have a common etiology (9) . In fact, some patients with CVID and some patients with IgAD show a TACI mutation, as well as a mutation in one of the BAFF and APRIL receptors, associated with CVID and IgAD (10) . These results suggest that BAFF and APRIL play crucial roles in B-cell-related immunodeficiency diseases such as CVID and IgAD.
BAFF and APRIL are two closely related cytokines; they share two receptors, TACI and BCMA, which are found mainly on B cells and plasma cells. The third receptor specific for BAFF, BAFF-R, is also found mainly on B cells and plasma cells, but also on some subsets of T cells (11, 12) . Thus far, no specific receptor for APRIL has been found, but it has been shown to bind to proteoglycans (13) . BAFF and APRIL are produced constitutively by monocytes, macrophages, neutrophils, dendritic cells and osteoclasts. The binding of BAFF and APRIL to their receptors induces class switch recombination to IgG and IgA in human B cells (14, 15) .
APRIL is highly expressed in tumors of various origins and poorly expressed in normal cells (16) . The serum levels of BAFF and APRIL are elevated in patients with systemic lupus erythematosus (SLE) (17) .
In this study, we report the increased BAFF and APRIL expression levels of patients with primary antibody deficiency. We found that the BAFF and APRIL expression levels are inversely correlated with age.
Materials and methods
Subjects. Forty-three healthy individuals (0-50 years of age) were enrolled as normal controls. The other subjects were three patients with primary CVID from different families, diagnosed on the basis of low immunoglobulin serum levels and the presence of circulating B cells, three patients with selective IgAD with serum IgA levels below the detection limit (<5 mg/dl), eight patients with partial IgAD with serum IgA levels >5 mg/dl but with 2 SD below normal levels, and four XLA patients with a BTK mutation. All of the patients were Japanese. The immunological characteristics of the patients are shown in Table I .
Mutation analysis. Genomic DNA was extracted from whole blood and purified with a Sepa Gene kit (Sanko Junyaku, Tokyo, Japan). We determined all the exons of the BAFF and APRIL genes and the genes of their receptors, namely, TACI, BAFF-R and BCMA, in the patients with CVID and IgAD.
Primers were designed for regions flanking each exon of the genes of TNF family members, including the splice donor and acceptor recognition sites; the primer sequences are shown in Table II . The PCR conditions were as follows: denaturation at 94˚C for 5 min, followed by 40 cycles at 94˚C for 1 min, annealing at 54-60˚C for 1 min, and 72˚C for 1 min, and a final extension at 72˚C for 7 min. The BAFF-R gene was difficult to amplify because the percentages of G and C in the BAFF-R sequence were too high. We used the Takara LA Taq (Takara Bio Inc., Japan) with GC buffer enzyme for good performance of DNA amplification. The amplified fragments were subjected to direct sequencing.
Blood plasma BAFF and APRIL levels. The collected blood plasma was assayed for BAFF and APRIL by an enzymelinked immunosorbent assay (ELISA). Peripheral blood was obtained by venipuncture from patients with CVID, IgAD and XLA, and from 43 healthy subjects. The plasma samples were stored at -20˚C until use. Soluble BAFF was quantitated in blood plasma diluted 1:4 (plasma of XLA patients were diluted 1:9) using the ELISA kit from R&D Systems, Inc. (Minneapolis, MN, USA). Enzyme activities were determined at an optical density of 450 nm. APRIL was determined in the same plasma samples. The plasma was diluted 1:1 (plasma of CVID and XLA patients were diluted 1:4) using the ELISA kit from Bender MedSystems GmbH (Vienna, Austria). Enzyme activities were determined at an optical density of 450-650 nm. Both standard and samples were analysed in duplicate. Table I . Immunological characteristics of patients with CVID and IgAD. 
Analyses of BAFF and APRIL gene expression. We carried out real-time PCR analysis to determine the levels of BAFF and APRIL mRNA in peripheral blood mononuclear cells (PBMCs). Total RNA was purified using an Isogen kit (Nippon Gene, Tokyo, Japan), subjected to DNase I treatment (RNA-free), and stored at -80˚C. The primer set for human TNSF13B (GmbH Heidelberg) was used for BAFF. The primers for APRIL were as follows: forward 5-AGAATG GGGAAGGGTATCCC-3 and reverse 5-AGGTGCAGG ACAGAGTGCTG-3. Real-time PCR conditions were as follows: denaturation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 10 sec, 64˚C for 10 sec, and 72˚C for 10 sec. The reaction was carried out using the LightCycler FastStart DNA Master SYBR-Green I kit (Roche GmbH, Mannheim, Germany) according to the manufacturer's instructions. The BAFF or APRIL copy number was standardized relative to GAPDH, and expressed relative to the amount of GAPDH mRNA as an n=fold difference (18) . No amplification of nonspecific products was observed.
Statistical analysis. Differences between the BAFF and APRIL protein and mRNA levels of the patients with CVID, IgAD, and XLA, and the controls were analyzed using the Student's t-test. The correlations between age and plasma levels of BAFF and APRIL were determined using Pearson's correlation coefficient test. P<0.05 was considered statistically significant.
Results
We found polymorphism variants in the APRIL and TACI genes. The results are shown in Table III . Nucleotide sequencing revealed two variants at codon 67 in exon 1 and at codon 96 in exon 2 of the APRIL gene. Both variants were caused by a single nucleotide substitution. At amino acid residue 67, the first nucleotide G was replaced by A, which resulted in an amino acid change from Gly to Arg (G67R). At codon 96, the second nucleotide A was replaced by G, which resulted in an amino acid change from Asn to Ser (N96S). These variants had the same frequencies in the control subjects. There were no other polymorphisms in the coding region of the human APRIL gene. Moreover, nucleotide sequencing revealed one variant at codon 251 in exon 5 of the TACI gene, which results in the amino acid substitution Table II . Primer sequences used in this study. 
'-CCATTAAGCTCCCAACAGTAAC-3' -----------------------------------------------------------------------------------------------------
P251L. This variant had the same frequency in the control subjects. Thus, the above nucleotide substitutions probably represent polymorphisms. In addition, we found a variant of the BAFF-R gene in three patients with partial IgAD. The variant was a heterozygous G-to-C substitution at position 62 in exon 1 (62C>G/wt), resulting in the replacement of the wild-type proline with an arginine (P21R/wt), as previously reported (19) . The sequence analysis showed that causative gene mutations of TNF family members, namely, TACI, BAFF-R, BCMA, and their ligands, namely, BAFF and APRIL were not detected in the patients with CVID and IgAD.
To compare the BAFF and APRIL levels of patients with primary antibody deficiency with those of healthy subjects, we measured the blood plasma levels of BAFF and APRIL in a b Figure 1 . Inverse correlation of BAFF and APRIL plasma levels with age. BAFF and APRIL levels were determined in the same plasma samples (n=43).
(a) Inverse correlation of BAFF plasma levels with age (R= -0.42, P=0.004); (b) Inverse correlation of APRIL plasma levels with age (R= -0.37, P=0.01). Table III . Summary of variants found in patients during the screening of TNF family members.
-
----------------------------------------------------------------------------------------------------
homo, homozygous; hetero, heterozygous; WT, wild-type.
43 healthy subjects of different ages. We found that the plasma levels of BAFF and APRIL were inversely correlated with age (BAFF: R= -0.42, P=0.004; APRIL: R= -0.37, P=0.01) (Fig. 1a and b) . The inverse correlation of BAFF and APRIL gene expression levels with age was not detected by semi-quantitative PCR analysis (data not shown).
Next, the BAFF and APRIL protein levels of 11 patients with IgAD, 3 patients with CVID, and 4 patients with XLA were measured. The patients with CVID, IgAD and XLA showed significantly higher plasma levels of BAFF and APRIL than 28 normal children ( Fig. 2a and b) . The median plasma levels of BAFF were 1.92 ng/ml for IgAD, 11.04 ng/ ml for CVID, 15.59 ng/ml for XLA and 1.59 ng/ml for the controls. The median plasma levels for APRIL were 5.2 ng/ ml for IgAD, 47.39 ng/ml for CVID, 55.59 ng/ml for XLA and 2.46 ng/ml for the control.
The BAFF gene expression levels of the patients with XLA and the APRIL gene expression levels of the patients with CVID and XLA were significantly higher than those of the healthy subjects ( Fig. 3a and b) . The median levels of BAFF mRNA were 0.52 for IgAD, 0.58 for CVID, 0.71 for XLA, and 0.40 for the controls. The median levels of the APRIL mRNA were 0.23 for IgAD, 0.30 for CVID, 0.66 for XLA and 0.14 for the controls.
Discussion
Two studies have shown that coding variants in the TACI gene are associated with primary immunodeficiencies in humans (3, 10) . We found a P251L substitution in the TACI gene in patients with CVID and IgAD, and in the healthy subjects, which was consistent with previous findings (10). Moreover, the G67R and N96S variants in the APRIL gene were detected at the same ratio as that in the healthy subjects, as previously reported (20) . In the BAFF-R gene, three patients with IgAD showed the P21R variant, whereas no healthy subjects presented this variant. However, these variants have been reported to have no effect on the BAFF-R function (19) . Therefore, we concluded that no causative mutation of the genes of TNF family members was detected in our patients. We showed that the BAFF and APRIL levels were upregulated in the plasma of patients with CVID, IgAD and XLA. These findings indicate that BAFF and APRIL are involved in the common pathogenesis of primary antibody deficiencies. If fewer B cells are present than can be sustained by BAFF, the circulating pool of BAFF becomes augmented, and in the case of a mouse with total B-cell deficiency, BAFF was found to reach its highest levels (21) (22) (23) . Patients with XLA have the lowest numbers of B cells associated with primary antibody deficiencies, that is, CD19-positive B cells were <0.1% (8) . We showed that XLA is associated with the highest BAFF protein and gene expression levels. The low B-cell numbers might induce high BAFF gene expression levels to increase the number of B cells.
Recently, Knight et al have shown that CVID patients show a marked increase in the serum levels of BAFF, APRIL and TACI (18) . Consistent with the results of their study, our findings revealed that primary immunodeficiency patients, including those with CVID, IgAD and XLA, showed increased plasma levels of BAFF and APRIL. It was suggested that primary antibody deficiency might have common immunological features such as monocyte activation (24) (25) (26) (27) . It has been reported that inflammation and cytokines such as IFNγ or G-CSF in particular enhance BAFF production (28, 29) .
In addition we found that the BAFF and APRIL plasma levels correlated inversely with age. It was also reported that the number of B cells is inversely correlated with age (30) . In humans as well as in mice, the BAFF level might determine the size of the peripheral B-cell pool.
Although BAFF and APRIL are produced by many cells of the hematopoietic system, it is unclear how the expression and production of these cytokines are regulated. To understand the pathogenesis of primary antibody deficiency, it is necessary to elucidate the mechanism of the upregulation of BAFF and APRIL expression.
